Abstract Aims/hypothesis: Adiponectin is a circulating peptide derived from adipose tissue. It mediates its insulinsensitising and anti-atherogenic effects on target tissues through two known receptors, adiponectin receptors 1 and 2 (ADIPOR1; ADIPOR2), which are encoded by the genes ADIPOR1 and ADIPOR2. Our aim was to study the association of ADIPOR1 gene variations with body size and risk of type 2 diabetes in subjects with impaired glucose tolerance, who participated in the Finnish Diabetes Prevention Study (DPS). Subjects and methods: We selected seven single nucleotide polymorphisms (SNPs) of the ADIPOR1 gene to perform association studies with anthropometrics and metabolic parameters at baseline, and with the risk of type 2 diabetes during the 3-year follow-up in the DPS study population. Both single SNP analysis and haplotype effects were studied. Results: Three out of seven markers studied (rs10920534, rs22757538 and rs1342387) were significantly associated with various body size measurements including weight, height, waist and hip circumference, sagittal diameter and body mass index. Furthermore, three markers (rs10920534, rs12045862 and rs7539542), of which two were different from those associating with body size, were linked to fasting and 2-h insulin levels, particularly in men at baseline. The haplotype analysis with five markers revealed seven major haplotypes in the DPS study population. The haplotype effects on body size measures were in line with those of single SNP analysis. However, none of the markers were associated with the risk of type 2 diabetes. Conclusions/interpretation: Our findings suggest that ADIPOR1 has a putative role in the development of body size, and that traits for central adiposity and insulin resistance may be dissociated from each other.
Introduction
Adiponectin is a circulating peptide belonging to the complement 1q family, and it is mostly expressed in and secreted from adipose tissue [1] . There are plenty of data suggesting that adiponectin acts as an insulin-sensitising and anti-atherogenic adipokine [2] . Plasma levels of adiponectin are decreased in individuals with obesity [3] , type 2 diabetes [4] and coronary artery disease [5] . On the other hand, weight loss has been shown to result in increased plasma adiponectin levels in obese humans resulting in improved steady-state plasma glucose levels [6] . Furthermore, the role of adiponectin in health and disease is supported by the fact that the adiponectin gene, ADIPOQ, is located on chromosome 3q27, where genomewide scans have mapped a susceptibility locus for type 2 diabetes and the metabolic syndrome [7, 8] .
In 2003, Yamauchi et al. characterised two adiponectin receptors, adiponectin receptors 1 and 2 (ADIPOR1; ADIPOR2). These are encoded by the genes ADIPOR1 and ADIPOR2, which are located on chromosomes 1p32.1 and 12p13.33, respectively [2, 9] . These receptors mediate fatty acid oxidation and glucose uptake by adiponectin, resulting in increased AMP kinase and peroxisome proliferator-activated receptor α ligand activities [2, 9] . ADIPOR1 is a receptor for globular adiponectin and is most abundantly expressed in skeletal muscle [9] , and previous studies have shown that it is also expressed in bone-forming cells [10] , while ADIPOR2 is mostly expressed in the liver, where the full-length adiponectin serves as a ligand [9] . Both receptors have also been shown to be expressed in pancreatic beta cells, where their expression is upregulated by free fatty acids resulting in synthesis of lipoprotein lipase [11] . Furthermore, it has been shown that adiponectin has no effect on insulin secretion in normal islets, but inhibits insulin secretion from islets in insulin-resistant mice [12] . In addition to ADIPOR1 and ADIPOR2, T-cadherin has been shown to bind hexameric and high-molecular-weight species of adiponectin, although the functional pathways are still poorly understood [13] .
Since ADIPOR1 and ADIPOR2 mediate the effects of adiponectin on target tissues, they are considered to be strong candidates in the risk of type 2 diabetes [14] [15] [16] [17] . Association studies of the ADIPOR1 and ADIPOR2 gene variations have revealed contradictory results in different populations. One study demonstrated positive association of both genes with IGT and type 2 diabetes [16] , while the results of Wang et al. were negative for ADIPOR1 [14] and the results of Hara and et al. were negative for both ADIPOR1 and ADIPOR2 [15] . In a French population, three ADIPOR2 single nucleotide polymorphisms (SNPs) showed modest association with type 2 diabetes, while results with ADIPOR1 SNPs were negative [18] . Furthermore, Stefan et al. reported recently that two SNPs upstream from the translational start codon of the ADIPOR1 gene might be associated with liver fat content and insulin sensitivity in a German population [17] .
The aim of this study was to examine the putative contribution of genetic variations of the ADIPOR1 gene to body size characteristics and the risk of type 2 diabetes among subjects with IGT participating in the Finnish Diabetes Prevention Study (DPS) [19, 20] .
Subjects and methods
The Finnish Diabetes prevention study
The Finnish Diabetes prevention study (DPS) was a randomised, controlled, multi-centre study carried out in Finland between 1993 and 2000. The DPS study design and the methods used have been reported in detail elsewhere [19, 20] . The main inclusion criteria were as follows: BMI >25 kg/m 2 , age 40-64 years, IGT based on the mean values of two OGTTs. Altogether 522 individuals with IGT were randomised into either a control group or an intensive, individualised diet and exercise intervention group stratified according to the clinic, sex, and the mean plasma glucose concentration 2 h after an oral glucose load (7.8-9.4 or 9.5-11.0 mmol/l). Their mean BMI was 31.2± 4.5 kg/m 2 and mean age was 55.3±7.1 years. The study protocol was approved by the Ethics Committee of the National Public Health Institute in Helsinki, Finland, and all the study participants gave written informed consent. DNA was available for 507 individuals (166 men and 341 women).
Measurements
A medical history was taken and a physical examination performed at baseline and at each annual follow-up visit [19] . In this study, measurements from the baseline to the 3-year examination were used, including height, weight, BMI, waist and hip circumference, WHR, sagittal and horizontal diameter of central body, and 2-h OGTT with glucose and insulin levels before (0 min) and after a 75-g glucose load (120 min) [19] . Plasma glucose was measured at each centre by standard methods. The serum insulin concentration was measured in a central laboratory by a radioimmunoassay method (Pharmacia, Uppsala, Sweden). Serum total cholesterol, HDL cholesterol, and triglycerides were determined using enzymatic assay methods [19] . The diagnosis of type 2 diabetes and other categories of glucose intolerance were based on the criteria adopted by the World Health Organization in 1985 [21] .
SNP analysis
The seven SNPs along the ADIPOR1 gene were selected for association studies based on earlier studies [14] [15] [16] and the HapMap data [22, 23] . Genotyping of the SNPs (rs6666089, rs10920534, rs2275738, rs2275737, rs12045862, rs1342387 and rs7539542) spanning~19 kb of the ADIPOR1 gene was performed in 507 DPS subjects whose DNA was available. The SNP analyses were performed using a TaqMan allelic discrimination assay according to instructions provided by the manufacturer and an ABI PRISM 7000 sequence detector (Applied Biosystems, Foster City, CA, USA), except for the SNPs rs2275737 and rs2275738, which were genotyped using RFLP using MboII and MslI restriction endonucleases, respectively.
Linkage disequilibrium coefficient of polymorphic sites and haplotype analysis Linkage disequilibrium statistics were analysed by Haploview software [24] and THESIAS programme version 3 was used for haplotype analysis [25] . This programme can be used for haplotype-based association analysis in unrelated individuals and is based on the maximum likelihood model, linked to the SEM algorithm. THESIAS allows the simultaneous estimation of haplotype frequencies and of their associated effects on the phenotypes of interest.
Statistics
The association between the ADIPOR1 SNPs and the clinical data was analysed using SPSS for Windows, Release 11.0.1. (SPSS, Chicago, IL, USA). Data are presented as means±SD unless otherwise stated. A p value <0.05 was considered significant. Normal distribution was tested with the Kolmogorov-Smirnov (Lilliefors) test, and appropriate transformations were used to achieve normal distribution when needed. The baseline differences in continuous variables between genotypes were evaluated with the univariate ANOVA, general linear model, with adjustments for age, sex, baseline BMI and baseline weight when appropriate. Homogeneity of variances was tested using Levene's test. Kruskal-Wallis test was used instead of ANOVA when homogeneity of variances and normality assumptions were not met even after variable transformations. Longitudinal changes in weight and waist circumference were examined using a general linear model repeated measures procedure with adjustments for age and sex, when appropriate, and the p values were corrected with Bonferroni's correction. Homogeneity of variances and covariances were tested using Box's M-test and Levene's test. The assumptions of the Box's M-test were not met when testing the effect of group on the 3-year development of weight in all subjects (p<0.001). In addition, when testing the genotype effects, in the case of waist circumference in all subjects and in the case of weight in all subjects and in the intervention group, the Box's M-test's assumptions were not met (p<0.001 for all). In the case of both waist circumference and weight in all subjects at all time-points and in the control group at three and two timepoints, respectively, the assumptions of Levene's test were not met either (p<0.05 for both). However, we feel that the effect of the above mentioned fact on our results is only minor and in the absence of a corresponding nonparametric test, we present the results of the general linear model repeated measures analyses. The significance of differences in the 3-year incidence of type 2 diabetes between genotypes was analysed by the χ 2 test. Cox regression analysis was used to assess whether the SNPs predicted the development of type 2 diabetes.
Results

Allele frequencies and linkage disequilibrium patterns
All seven SNPs studied ( Fig. 1) were in Hardy-Weinberg equilibrium, with the p values ranging between 0.079 and 0.928. The SNP pairs rs10920534/rs6666089 and rs2275737/rs2275738 were in complete linkage disequilibrium, both D′ and r 2 values being 1.0 for both pairs (Table 1) . Subsequently, the redundant SNPs (rs2275737 and rs6666089) were removed from the further analysis. Furthermore, the SNP rs2275738 was in strong linkage disequilibrium with rs1342387; D′ and r 2 were 0.996 and 0.849, respectively (Table 1) . Overall, the allele frequencies and linkage disequilibrium data did not differ much from those reported in the HapMap data for the Centre d'Etude du Polymorphisme Humain (CEPH) Utah residents with ancestry from northern and western Europe (CEU) population (www.hapmap.org, accessed 1 March 2006). The marker rs7539542 was in weak linkage disequilibrium with other SNPs studied; the strongest linkage was with the marker rs12045862 with D′ 0.642 and r 2 0.37, while the corresponding values in the CEU population were 0.846 and 0.55, respectively.
Body size measurements and serum lipids
Baseline characteristics according to the SNP rs2275738 are shown in Table 2 , and for four other SNPs, rs10920534, rs12045862, rs1342387 and rs7539542 as electronic supplementary material (ESM) (ESM Tables 1, 2 , 3, and 4, respectively). In general, the markers rs10920534, rs2275738 and rs1342387 were most often significantly associated with several body size measurements, such as height, weight, waist and hip circumference, WHR, sagittal and horizontal diameter, and BMI either in all individuals or in men and women separately. The general trend seen was that homozygotes for the rs10920534-T, rs2275738-G and rs1342387-G were associated with higher body size measures than other genotypes.
In more detail, subjects homozygous for the rs10920534-T, rs2275738-G, and rs1342387-G alleles and the carriers of the rs12045862-T allele were tallest, (p=0.035, p<0.001, p<0.001 and p=0.031, respectively). The differences between genotype groups for the SNPs rs2275738, rs1342387 and rs12045862 were specifically seen in women (p=0.002, p=0.009 and p=0.018, adjusted for age, respectively) ( Table 2, ESM Tables 1, 2) . Furthermore, in the entire study population, weight differed significantly among the three genotype groups of the SNPs rs10920534, rs2275738 and rs1342387. The subjects with T/T, G/G and G/G genotypes had higher body weight than those with other genotypes (p=0.002, p=0.002 and p=0.008, adjusted for age and sex, respectively), while the BMI differed only for the corresponding genotypes of the first two markers (p=0.039 for both) ( Table 2, ESM  Tables 2, 3 ). With respect to fat distribution, subjects homozygous for the rs10920534-T, rs2275737-G and rs1342387-G alleles also had higher values for waist (p=0.003, p=0.012 and p=0.034, respectively), sagittal diameter (p=0.002, p=0.002 and p=0.008, respectively) and horizontal diameter (p=0.002, p=0.004 and p=0.001, respectively) compared to other genotype groups (adjusted for age and sex) ( Table 2, ESM Tables 2, 3) .
Genotype effects on body size measures of several SNPs were sex-specific. In women, significant differences according to rs10920534, rs2275738 and rs1342387 genotypes were seen in weight (p=0.049, p=0.020 and p=0.040, adjusted for age), hip circumference (p=0.029, p=0.040 and p=0.048) and sagittal diameter (p=0.015, p=0.004 and p=0.028, adjusted for age), respectively, and according to the rs10920534 and rs1342387 genotype a significant difference was seen in horizontal diameter (p=0.029 and p=0.032, respectively, adjusted for age). In men, significant differences according to genotypes of SNPs rs10920534 and rs2275738 were seen in BMI (p=0.030 and p=0.046, adjusted for age) and waist circumference (p=0.029 and p=0.037, adjusted for age), and according to genotypes of SNPs rs2275738 and rs1342387 in horizontal diameter (p=0.027 and p=0.016, respectively, adjusted for age). When adjustments for baseline BMI were made, differences in waist circumference and horizontal diameter were no longer significant (see Table 2, ESM Tables 2 and 3 for  details) .
There were no significant differences in serum total cholesterol, HDL cholesterol or triglyceride levels according to any studied ADIPOR1 marker.
Changes in weight and waist circumference during a 3-year follow-up
To study further the possible ADIPOR1 genotype effects on adiposity, repeated measures of weight and waist circumference from the baseline and years 1 to 3 examinations were analysed according to the genotypes of ADIPOR1 markers. Since significant time-study group interaction was seen in waist circumference and weight (F=14.0, .001, respectively) in all subjects, genotype effects were analysed separately in intervention and control groups. In general, the genotype-specific differences at baseline with markers described above remained similar also during the follow-up period. In the entire study population, significant differences were seen again according to the genotypes of rs10920534, rs2275738 and rs1342387 in weight (p=0.002, 0.001 and 0.007, respectively) and waist circumference (p=0.001, 0.003 and 0.012, respectively) when adjusted for age and sex. An example of allele-specific effects on development of weight and waist circumference during a 3-year follow-up in all subjects and in intervention and control group separately is presented for the marker rs10920534 in Fig. 2 . Significant overall differences for waist circumference and weight between all three genotype groups were seen in the control group (p=0.006 and p=0.012, respectively, adjusted for age and sex), but not in the intervention group. The time-genotype interaction for both waist circumference and weight was not significant in either study group.
Glucose and insulin metabolism and risk of type 2 diabetes
Since adiponectin mediates its insulin-sensitising effects through the adiponectin receptors, we also determined the effects of different ADIPOR1 genotypes on glucose and insulin concentrations and the risk of type 2 diabetes in the DPS population. Surprisingly, the two markers that were not associated with body size measures, rs12045862 and rs7539542, were significantly associated with fasting insulin levels at baseline in men (p<0.001 and p=0.001, adjusted for age and BMI, respectively); homozygotes for the major alleles (C for both) showed the highest values (ESM Tables 1 and 4 ; Fig. 3 ). These two markers were also in stronger linkage disequilibrium with each other than with any of the other SNPs studied (D′=0.642, r 2 =0.37; Table 1 ). In addition, rs10920534 and rs12045862 were associated with 2-h insulin levels in men, with the T-and Calleles showing the highest levels (p=0.027 and p=0.001, adjusted for age and BMI, respectively). In women, subjects with an rs12045862 T-allele had higher 2-h insulin levels (p=0.029, adjusted for age and BMI) than the other genotypes (Fig. 3) . Markers rs12045862 and rs7539542 were also associated with fasting plasma glucose levels in men (p=0.023 and 0.033, respectively) with subjects carrying the major allele (C for both) having the highest levels. None of the markers were associated with the risk of type 2 diabetes in the entire DPS population or in the intervention and control group separately (data not shown).
Haplotypes
To study haplotype effects on body size and insulin levels at baseline in all subjects, we constructed five-marker haplotypes using THESIAS software. The covariate adjusted effects of each haplotype were compared to those of the most common haplotype (encoded by 11111) on quantitative phenotypes, and the haplotype frequencies were compared between subjects who developed type 2 diabetes during the 3-year follow-up and those who did not. This analysis revealed seven major haplotypes with frequencies over 0.03 in the DPS population (Table 3) horizontal diameter (p=0.0031) and hip circumference (p=0.0111) were seen in subjects harbouring haplotype 2 compared with those with haplotype 1. Furthermore, height was significantly greater in individuals harboring haplotype 3 (p=0.01147), and sagittal diameter and WHR were higher in those with haplotype 7 (p=0.0372 and 0.0240, respectively). In addition, lower WHR was seen in subjects with haplotype 5 (p=0.0455).
Regarding insulin levels, haplotype analysis was performed for all individuals instead of groups divided by sex. A trend for lower fasting insulin levels was seen in subjects with haplotype 5 when compared with those with haplotype 1. By using single SNP analysis, only the marker rs1342387 demonstrated a significant difference between genotypes when all subjects were analysed together, the lowest values being also among those who had the A/A genotype, indicating that the trend is the same for these two methods. None of the haplotypes were associated with type 2 diabetes in the entire DPS study population or in the intervention and control groups (data not shown). We found an association of ADIPOR1 variation with various body size measurements and insulin levels, but none of the SNPs studied were associated with the risk of type 2 diabetes. This study is one in a series of studies to explore the genetic background and gene-lifestyle interactions in the development of type 2 diabetes and metabolic syndrome in a unique study population of DPS [26] . We chose to study ADIPOR1 because of its ubiquitous expression and the contradictory results of previous studies: for example, Staiger et al. reported that expression of ADIPOR1, but not ADIPOR2, correlated with insulin secretion [27] . Tan et al. demonstrated regulation of ADIPOR1, but not ADIPOR2, by rosiglitazone in adipose tissue and skeletal muscle of diabetic subjects [28] . Genetic variation in ADIPOR1 has been associated with insulin resistance and high liver fat, while results with ADIPOR2 were negative [17] . In other genetic studies, however, variation in both ADIPOR1 and ADIPOR2 was associated with IGT and type 2 diabetes [16] or modest association with type 2 diabetes was shown for ADIPOR2 only [18] . Our results showed that SNPs of the ADIPOR1 gene were not associated with type 2 diabetes in the DPS population although we found an association of two SNPs with fasting and post-challenge insulin levels in men. Our results are in accordance with the results of Wang and Hara and their co-workers [14, 15] , which failed to demonstrate an association of ADIPOR1 SNPs with type 2 diabetes in Caucasian families or in a Japanese population, respectively. Damcott et al. found an association between the two intronic ADIPOR1 SNPs (rs2275737 and rs1342387) and type 2 diabetes in the Amish Family Diabetes Study [16] . However, they failed to associate any of the SNPs with body size. This controversy can be explained by differences in allele frequencies and linkage disequilibrium of ADIPOR1 SNPs in different populations. In addition, our study population comprised overweight subjects with IGT and we studied the transition from IGT to type 2 diabetes during an average 3-year period, while Damcott et al. cross-sectionally compared two groups (type 2 diabetes +IGT vs normal glucose tolerant) separately for haplotype effects [16] .
Height, like BMI, is a complex trait with high heritability [29, 30] . Environmental factors, such as improved nutrition, have led to a progressive increase in height, but the genetic contribution to height is still remarkable, and variations in a number of genes have been associated with height: DRD2, which encodes the dopamine D2 receptor [31] ; VDR, which encodes the vitamin D receptor [32] ; COL1A1, which encodes the α1-chain of type I collagen [33] ; ESR1, which encodes the α-chain of the oestrogen receptor [34] ; and LHB, which encodes the luteinizing hormone beta polypeptide [35] .
In this study we show that several SNPs in ADIPOR1 are associated with height in women with IGT. Since the difference in height according to ADIPOR1 SNPs rs2275738, rs7539542 and rs12045862 in women remained significant after adjustment for age, it is likely that height achieved at puberty is affected rather than agerelated decrease in height at older age (see Table 2, ESM  Tables 1 and 4) . Sex-specific differences in height could be because serum adiponectin levels are higher in women than in men, and these differences develop during the progression of puberty [36] .
Recently, Berner et al. demonstrated transcription, translation, and secretion of adiponectin from primary human osteoblasts and showed that certain fatty acids enhanced adiponectin expression in bone cells. Both adiponectin receptors are also expressed in human osteoblasts [10] , which may indicate paracrine or autocrine effects of adiponectin on bone cells. A functional role for adiponectin in bone remodelling was suggested by enhanced proliferation of a mouse osteoblastic cell line upon administration of recombinant adiponectin [10] . Expression of adiponectin and its receptors in bone-forming cells may provide a link between the ADIPOR1 gene and variations in height seen in women participating in the DPS.
Interestingly, in the present study, several ADIPOR1 SNPs were strongly and consistently associated with several body size characteristics; the most significant findings were seen in height, weight, BMI, WHR, waist circumference and sagittal diameter. The differences in waist circumference and weight between genotypes persisted throughout the 3-year study period as indicated for the marker rs10920534 in Fig. 2 . The differences were more clearly seen in subjects who did not change their lifestyles. The time-genotype interaction for both waist circumference and weight was not significant in either study group. This indicates that the ADIPOR1 genotype did not affect the outcome of the lifestyle intervention, but rather the differences between genotypes remained constant during the follow-up period. Results from haplotype analyses support the results of single SNP associations. One characteristic that was common to all haplotypes associated with greater body size measurements was that they contain G-alleles in the markers rs2275738 and rs1342387, indicating that results from single SNP analyses are in line with those of haplotype analysis. On the other hand, small body size seemed to be associated with haplotypes containing A-alleles in the corresponding positions, such as WHR with haplotype 5.
In the DPS population, the G/G genotype of rs2275738 and the G/G genotype of rs1342387 of the ADIPOR1 gene were also associated with the indicators of central obesity, which are often linked to insulin resistance and metabolic syndrome irrespective of height or BMI [37] . In addition to the T/T genotype of rs10920534, which was associated with elevated 2-h insulin levels, the two other markers that did not associate with body size (rs12045862 and 7539542) were associated with fasting and 2-h insulin levels in men.
Stefan et al. [17] showed that the rs6666089 A/A genotype was associated with lower insulin sensitivity and higher liver fat. In our study, the T-allele of rs10920534 that was associated with higher 2-h insulin levels in men was in complete linkage disequilibrium with the A-allele of rs6666089, indicating that our results were in line with those of Stefan et al. [17] . Elevated fasting and 2-h insulin levels also reflect insulin resistance in persons with IGT [38] . Thus, these results suggest that the genetic background for central obesity (body size) and insulin sensitivity as measured by insulin levels may differ from each other. ADIPOR1 may mediate its effects on adiposity and insulin sensitivity separately through different adiponectin isoforms (full-length/globular) or an additional novel ligand for ADIPOR1 might exist. Furthermore, our results suggest strong sex-related differences in the effects of genetic variation on body size and insulin resistance, but this needs confirmation by larger studies.
In conclusion, these results, based on a carefully examined study population, demonstrate that several polymorphisms separately or representing specific haplotypes of the ADIPOR1 gene are strong determinants of body size measures and adiposity in persons with IGT. We also suggest that body size (central obesity) and insulin resistance, as measured by insulin values, may be dissociated from each other according to genetic variation in the ADIPOR1 gene.
